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Abstract. Researches demonstrated that arbuscular mycorrhizae can bring 
significant changes in the yield and composition of secondary metabolites of 
economic interest from aromatic and medicinal plants. Evidence shows that 
mechanisms responsible for changes in phytochemical content are related to the 
enhanced nutrition arbuscular mycorrhizae fungi can provide as well as to plant 
growth promoting rhizosphere bacteria and their synergistic relationship with 
arbuscular mycorrhizae. Plant response to inoculation can be modified by the AMF 
species and strains already present in the soil. It was identified a plant-fungus 
specificity that implies the need for the selection of appropriate inoculum for cost 
effectiveness in AM application for large scale field production of aromatic and 
medicinal plants. 
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Introduction 
 
Secondary metabolites in plants are involved in responses to abiotic 
and biotic stimuli (Scagel, 2012) while several of them have economic 
importance due to health promoting properties and pleasant scent or taste 
(Dutta et Neog, 2016). Because phosphorus is required for biosynthesis of 
secondary metabolites, its availability to plants plays a crucial role (Scagel, 
2012). Arbuscular mycorrhiza is a mutualistic relationship between 
phytobionts and mycobionts that improves nutrition of plants, particularly in 
phosphorus (Engel et al., 2016). The positive influence of inoculation with 
arbuscular mycorrhizal fungi on certain secondary metabolites of plants 
(Zeng et al., 2013; Pedone-Bonfim et al., 2015), indicates that their 
application could be used as a strategy of crop biofortification (Dutta et 
Neog, 2016) and many researches in last decade were dedicated to the 
identification of specific effects AMF can have on phytochemicals of 
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economic interest (Zeng et al., 2013; Raghuwanshi et Sinha, 2014; Pedone-
Bonfim et al., 2015; Zhang et al., 2015; Kilam et al., 2017).  
This review summarizes results of researches conducted until now 
regarding main changes induced by arbuscular mycorrhizae on bioactive 
components such as essential oil and its constituents in several aromatic and 
medicinal plants.  
The aim of the study was to identify and highlight specific aspects 
that might lead to practical steps being taken in growing high-quality plants 
destined to cuisine, herbal medicine and cosmetic industry.  
 
Effects of AMF on secondary metabolites of plants 
 
Anethum graveolens plants inoculated with Glomus macrocarpum 
and Glomus fasciculatum in separate treatments presented improved growth 
parameters. The concentration of essential oil increased up to 90% 
following the inoculation. Glomus macrocarpum was more effective than 
Glomus fasciculatum in enhancing the oil concentration, and levels of 
limonene and carvone were enhanced in essential oil obtained from G. 
macrocarpum-inoculated plants (Kapoor et al., 2002a). Anethum graveolens 
plants grown in pots outdoors, in sterile soil inoculated with Rhizophagus 
irregularis and unsterilized soil with native AMF species, presented 
significantly stimulated essential oil synthesis for all treatments compared 
with non-mycorrhizal plants (Rydlová et al., 2016).  
Arnica montana plants inoculated with Glomus geosporum, G. 
constrictum, G. intraradices, a mixture of all plus G. mosseae and crude 
inoculum obtained from samples collected in two field locations were tested 
for sesquiterpene lactones and phenolic levels in shoots and roots. In roots a 
higher total concentration of major sesquiterpenes (helenalin and its 
derivatives) was identified for plants inoculated with G. intraradices or with 
native inoculum from one of the field locations. Phenolic acids in roots were 
in all cases statistically higher in inoculated than non-inoculated plants with 
highest values for field collected inoculums from both locations (Jurkiewicz 
et al., 2010).  
Artemisia annua plants inoculated with either: one Glomus species 
or a mixture of different Glomus species and associated soil bacteria were 
compared with non-inoculated plants supplemented with extra phosphorus 
(P). It was assessed the emissions of volatile organic compounds for each 
variant. Results showed that although total terpene content and emission 
was not affected by AM inoculation with or without bacteria added, the 
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emission of limonene and artemisia ketone was stimulated by inoculation. 
Also, accumulation of specific sesquiterpenes in leaves was altered in 
mycorrhizal plants compared to control plants while for single monoterpene 
content no differences were found among treatments (Rapparini et al., 
2008). The volatile oil content in leaf increased with 45% in Glomus 
mosseae inoculated plants and with 25% in Glomus versiforme inoculated 
Artemisia annua plants compared with the control. Also, mycorrhizal 
colonization led to changes in volatile components (Huang et al., 2011). 
Also, plants inoculated with Glomus mosseae in a pot experiment, had 
higher artemisinin content (Tan et al., 2013).  
Calendula officinalis plants grown on pumice media and inoculated 
with Claroideoglomus etunicatum, Claroideoglomus claroideum and 
Rhizophagus intraradices, presented significant changes in calendoflavosid 
and isorhamnetin‐ malonyl‐ glucoside content that occurred in 5‐ 25% 
higher concentrations in flowers of inoculated plants compared to 
non‐ mycorrhized plants (Engel et al., 2016). Calendula officinalis under 
biofertilizer treatments consisting of Glomus intraradices, several beneficial 
soil bacteria (products Nitroxin and Super nitro plus) and cattle manure, 
presented increased essential oil yield. Also, 29 constituents out of 42 
identified in the essential oil were affected by the application of biofertilizer 
including AMF (Hoseini-Mazinani et Hadipour, 2016). 
Coriandrum sativum plants were inoculated with Glomus 
macrocarpum and Glomus fasciculatum in order to assess the effects on 
essential oil. Inoculation increased the essential oil concentration in fruits by 
as much as 43% and the essential oil showed increased concentration of 
geraniol and linalool in plants inoculated with G. macrocarpum and G. 
fasciculatum respectively. It is important to notice that there was significant 
variation in effectiveness of the fungal species tested (Kapoor et al., 2002b). 
Coriandrum sativum plants grown in pots outdoors, in either or both: sterile 
soil inoculated with Rhizophagus irregularis or unsterilized soil with native 
AMF species, presented increased essential oil concentrations only in the 
treatment combining both inoculum and soil with native AMF which 
indicate that plants response to inoculation can be modified by the pool of 
AMF present in the soil (Rydlová et al., 2016). 
Curcuma longa inoculated with native AMF consortium of Glomus, 
Gigaspora and Acaulospora sp. isolated from turmeric rhizosphere as well 
as nitrogen fixing and phosphate solubilizing bacteria (Azotobacter sp., A. 
amazonense, Bacillus megaterium), presented 82.42% higher amount of 
phenolic content, 145.23% higher flavonoids and 26.32% higher percentage 
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of curcumin in rhizomes compared with non-inoculated plants (Dutta et 
Neog, 2016).  
Echinacea purpurea plants grown on sand and soil mixture (1:1) 
and inoculated with Glomus intraradices after 13 weeks of growth 
presented 3 times increased biomass (shoots and roots) as well as total 
content of phenolics compared to control. AM treatment significantly 
increased concentrations of most of the phenolics, especially cynarin and 
cichoric, caftaric, and chlorogenic acids (Araim et al., 2009). 
Foeniculum vulgare inoculated with Glomus macrocarpum and 
Glomus fasciculatum presented significantly improved growth and essential 
oil concentration in seeds. However, along with inoculation of plants 
phosphorus fertilization presented also very good results. Plants inoculated 
with G. fasciculatum registered up to 78% increase in essential oil 
concentration in seeds over non-mycorrhized plants (Kapoor et al., 2004). 
Geranium dissectum plants inoculated with Glomus lamellosum had 
biomass (shoot + root) enhanced by 24.9% while essential oil production 
was enhanced by 53.63%. The concentration of the compound spathulenol 
was significantly higher in non-inoculated than inoculated plants 
(Karagiannidis et al., 2012).  
Glycyrrhiza plants from two species were researched in relation to 
response to AMF inoculation. Glycyrrhiza glabra plants inoculated with 2 
AMF species separately (Glomus mosseae, Glomus intraradices) and mix of 
5 AMF species (G. mosseae, G. intraradices, G. cladoideum, G. 
microagregatum, G. caledonium, G. etunicatum) presented significant 
improvement in the secondary metabolites content and the yield of 
medicinal compounds from the roots as a result of inoculation (Liu et al., 
2014). Licorice plants inoculated with Glomus mosseae and Glomus 
intraradices were assessed for changes in secondary metabolites, and it was 
demonstrated that two groups of such constituents arising from phenolic and 
terpenoid metabolism obviously responded to mycorrhizal fungi 
colonization in roots. The increase in secondary metabolites in roots of 
AMF inoculated plants became more evident after 6 months (Orujei et al., 
2013). Licorice plants belonging to Glycyrrhiza uralensis and inoculated 
with Glomus mosseae and Glomus veriforme presented a higher glycyrrhizin 
concentration in roots, but also a considerable reduction of the root oxidase 
activity (Liu et al., 2007). 
Hypericum perforatum inoculated with 2 AMF species separately 
(Rhizophagus intraradices, Funneliformis mosseae) and a mix of 4 AMF 
species (Funneliformis constrictum, Funneliformis geosporum, F. mosseae, 
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R. intraradices) presented no statistically significant differences in shoot 
biomass but the chemical composition of plants was influenced. Also, it was 
identified the existence of specificity in the stimulation of photosynthetic 
activity and the production of secondary metabolites. The plants inoculated 
with R. intraradices and the AMF mix were characterized by a higher 
concentration of hypericin and pseudohypericin in the shoots compared to 
the other experimental variants (Zubek et al., 2012).  
Inula ensifolia was inoculated with 2 strains of Glomus intraradices 
and one of Glomus clarum, as well as with AMF crude inoculum from 
rhizosphere of Inula ensifolia. There was an increase in thymol derivative 
contents in roots after G. clarum inoculation and at the same time a decrease 
in production of these metabolites in the case of G. intraradices application 
(Zubek et al., 2010). 
Lavandula angustifolia inoculated with Glomus lamellosum 
presented increased plant biomass (shoot + root) by 46.72% while essential 
oil production was enhanced by 56.95%. The major volatile constituents did 
not differ significantly between mycorrhizal and non-mycorrhizal plants, but 
the concentration of trans-pinocarveol was significantly higher in non-
inoculated than inoculated plants (Karagiannidis et al., 2012).  
Libidibia ferrea plants inoculated separately with Claroideoglomus 
etunicatum, Gigaspora albida and Acaulospora longula, had bark harvested 
after 13 months and assed for the differences in phytochemical content. The 
bark of plants inoculated with A. longula and C. etunicatum had an increase 
of 236% and 186% in flavonoids concentration compared to non-inoculated 
plants. Also, plants inoculated with A. longula had an increase of 47% in 
total tannin concentration (Dos Santos et al., 2017). 
Melissa officinalis plants grown on pumice media and inoculated 
with Claroideoglomus etunicatum, Claroideoglomus claroideum and 
Rhizophagus intraradices, presented 11‐ 17 % higher concentrations of the 
main phenolic compounds in leaves than non-inoculated plants, but 
mycorrhization had no significant effect on biomass yield (Engel et al., 
2016).  
Mentha plants belonging to a few species and cultivars were 
researched by several authors in relation to response to AMF inoculation. 
Mentha arvensis cultivars 'Kalka', 'Shivalik' and 'Gomti' inoculated with 
Glomus fasciculatum presented higher oil content and oil yield as compared 
to non-inoculated cultivars. It was determined that cultivar 'Shivalik' is a 
highly mycorrhizal dependent genotype (Gupta et al., 2002). The same plant 
species, was tested under inoculation with four AMF species (Glomus 
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clarum, Glomus etunicatum, Gigaspora margarita, Acaulospora 
scrobiculata) and at four phosphorus levels. It was observed that inoculation 
with A. scrobiculata provided the highest increase in the essential oil as well 
as in menthol content compared to non-inoculated plants. In addition, a 
remarkable increase of fresh matter production for shoots (198-206%) 
compared to the control treatment was observed in plants inoculated with 
Gigaspora margarita and Glomus clarum (Freitas et al., 2004). Under salt 
stress, Mentha arvensis had a better oil content and yield when inoculated 
with Glomus intraradices and Glomus mosseae compared to Glomus 
aggregatum and Glomus fasciculatum (Bharti et al., 2013). Mentha × 
piperita var. citrata cultivated on soil substrate and inoculated with 
Acaulospora morrowiae, Rhizophagus clarus and Scutellospora calospora 
both as a mix or separately, indicated that the species A. morrowiae, S. 
calospora as well as the mix of the three species tested are able to enhance 
the essential oil content in leaves at lower phosphorus levels compared to 
higher phosphorus levels tested (Cordeiro Silva et al., 2014).  
Moringa oleifera plants under inoculation with Rhizophagus 
intraradices and Funneliformis mosseae presented enhanced levels of 
glucosinolates but flavonoids and phenolic acids were not affected, while 
the levels of carotenoids (including provitamin A) were species-specifically 
reduced (Cosme et al., 2014). 
Ocimum basilicum cultivars 'Cinnamon', 'Siam Queen', 'Sweet Dani' 
and 'Red Rubin' inoculated with Rhizophagus intraradices and cultivated on 
alluvial silt loam and vermiculite mixture (3:1) was assessed for phenolic 
content. The AMF inoculation enhanced accumulation of feruloyl tartaric 
acid and caffeic acid in shoots and roots and minor polyphenolics in shoots. 
In each case their accumulation was traced as being caused by enhanced 
uptake of certain nutrients (Scagel, 2012). Another study showed that basil 
plants colonized by Glomus caledonium presented higher concentrations of 
rosmarinic acid and caffeic acid in their shoots while those colonized by 
Glomus mosseae had increased caffeic acid concentrations in shoots 
compared to non-mycorrhized plants of the same phosphorus status 
(Toussaint et al., 2007). In Ocimum basilicum var. genovese the inoculation 
with species Gigaspora margarita and Gigaspora rosea increased the 
percentage of eugenol and reduced the linalool yield (Copetta et al., 2006). 
Inoculation of Ocimum basilicum with G. fasciculatum significantly 
increased essential oil content and yield (compared to control and the 
inoculation with Glomus etunicatum and Glomus intraradices). In addition, 
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the methyl chavicol profile was considerably increased with AM fungi 
inoculation (Mirhassan et al., 2010). 
Origanum was researched by several authors in relation to plant 
response to AMF inoculation and different species or cultivars belonging to 
this genus were tested. Origanum dictamnus inoculated with Glomus 
lamellosum presented biomass (shoot + root) enhanced by 25.27% and 
essential oil production enhanced by 55.24%. Only the AM inoculated 
plants had some amounts of the compound β-phellandrene, while the 
compounds β-cubebene, β-bisabolene, δ-cadinene were detected only in 
non-inoculated plants (Karagiannidis et al., 2012). Origanum majorana 
plants grown on pumice media and inoculated with AMF species 
Claroideoglomus etunicatum, Claroideoglomus claroideum and 
Rhizophagus intraradices, presented 28-24 % lower concentrations in 
rosmarinic acid and lithospermic acid A isomer in flowering shoots than 
non-mycorrhizal plants, but mycorrhization increased the total yield of 
polyphenols when considering the higher dry weight of inoculated plants 
biomass (Engel et al., 2016). Origanum vulgare ssp. hirtum 
micropropagated plants inoculated with Glomus viscosum presented a 
higher production of the essential oil at 12 months old than mother plants, 
but it was no significant difference in essential oil composition among 
inoculated and non-inoculated micropropagated plants. The upper leaf 
epidermis of inoculated micropropagated plants at 6 and 12 months had 
many more glands than non-inoculated clones (Morone-Fortunato et Avato, 
2008). Origanum vulgare ssp. hirtum var. kalitera and Origanum vulgare 
‘Cona’ and ‘b13/2’ were inoculated with Glomus mosseae and colonized 
bean root fragments. In two out of three genotypes inoculated, the leaf 
biomass was increased through mycorrhization. Root colonization by the 
arbuscular mycorrhizal fungus (AMF) did not have any significant effect on 
the essential oil composition, but in two genotypes the essential oil 
concentration significantly increased. These results indicate that positive 
effect of mycorrhization is highly dependent on the genotype of the plants 
(Khaosaad et al., 2006).  
Passiflora seedlings grown on soil and sand mixture (1:2) with two 
levels of P fertilization were inoculated with Glomus clarum and a 
population of nine native fungi from a passion fruit farm in which Glomus 
clarum and Glomus spurcum were the main species. The results indicate 
that secondary metabolites of flavonoid class in the roots varied strongly 
with the different experimental variants but unfortunately the aromatic 
compounds were not identified (Fermino Soares et al., 2015). Passiflora 
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alata plants under inoculation with Gigaspora albida and application of 
increased doses of vermicompost showed a higher production of primary 
and secondary metabolites, demonstrating the synergic effect between the 
tested factors. The production of total flavonoids and phenols increased 
under mycorrhization treatments (Oliveira et al., 2015). 
Salvia plants from two separate species were tested in relation with 
response to AMF inoculation. Salvia miltiorrhiza grown on soil and sand 
mixture (2:1) and inoculated separately with Glomus mosseae, Glomus 
aggregatum, Glomus versiforme, Glomus intraradices presented higher 
biomass and higher accumulation in leaves and roots of salvianolic acid B. 
However, the effect on phytochemicals content in plants was not equal in 
the case of all AMF species tested, thus the following relation for 
enhancement of phyto-active compounds was established G.m > G.i > G.a > 
G.v. Also, it is important to mention that Glomus mosseae induced the 
lowest biomass increase but the highest concentration of tanshinones as well 
as accumulation of salvianolic acid B among the four AMF species tested 
(Ye et al., 2017). Salvia officinalis plants inoculated with Glomus 
lamellosum presented biomass (shoot + root) enhanced by 44.35% and the 
essential oil production enhanced by 55.56%. The compounds carvacrol + 
geranyl formate were detected only in arbuscular mycorrhizal plants, while 
the compounds limonene and geranyl acetate only in non-inoculated plants. 
Compounds camphor and bornyl acetate were significantly higher in 
inoculated plants (Karagiannidis et al., 2012). Salvia officinalis grown on a 
mix of leached cinnamonic forest soil and sand (3:1) responded to 
application of Glomus intraradices and foliar fertilization with improved 
dry biomass accumulation and increased content in antioxidant metabolites 
such as ascorbate and reduced glutathione. The treatments increased the 
activity of enzyme guaiacol peroxidase and reduced the activities of 
catalase, ascorbate peroxidase and superoxide dismutase. The combined 
application of foliar fertilizer and AMF significantly promoted 1.8-cineole 
and α-thujone. Mycorrhizal colonization enhanced bornyl acetate, 1.8-
cineole, α- and β- thujones while foliar fertilization stimulated synthesis of 
bornyl acetate and camphor (Geneva et al., 2010). Septoglomus viscosum 
maintained in Salvia officinalis plants the α-thujone content and produced 
essential oil rich in manool (Tarraf et al., 2017).  
Santolina chamaecyparissus plants inoculated with Glomus 
lamellosum presented increased biomass (shoot + root) by 33.33%. The 
essential oil production was enhanced by AMF with 28.75% but the 
concentration of the compounds borneol and caryophyllene oxide were 
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significantly higher in non-inoculated than inoculated plants (Karagiannidis 
et al., 2012).  
Satureja macrostema grown on soil and sand mix (3:1) and 
inoculated with Rhizophagus irregularis presented significantly increase of 
volatile terpenes in apical shoots and leaves as well as increased biomass. 
After 90 days of culture mycorrhized plants had an increase of almost 100% 
in β-linalool, menthone, pulegone and verbenol acetate compared to non-
inoculated plants (Carreón-Abud et al., 2015). 
Trachyspermum ammi inoculated with Glomus macrocarpum and 
Glomus fasciculatum in separate treatments presented improved growth 
parameters. The concentration of essential oil increased for inoculated plants 
up to 72% compared to control. Inoculation with G. fasciculatum 
determined accumulation of a higher level of thymol (Kapoor et al., 2002a).  
Valeriana plants belonging to two species were tested so far in 
relation with response to AMF inoculation. Valeriana jatamansi during the 
first year after inoculation with Glomus intraradices plants presented higher 
phenolic content. Thus, gallic acid content was significantly higher in aerial 
part, chlorogenic acid and catechin significantly higher in both aerial part 
and root, hydroxy benzoic acid higher in roots and aerial parts but not 
significantly. In addition, tannin content and antioxidant activity were also 
higher in treated plants compared with control plants (Jugran et al., 2015). 
Valeriana officinalis inoculated with Glomus mosseae and Glomus 
intraradices separately, were compared besides control plants with P 
fertilized plants and AMF enriched fertilizer application. Total 
sesquiterpenic acid concentrations in the drug isolated from mixture of 
rhizome, coarse and fine roots were significantly increased by AMF 
application with up to 18% for G. intraradices inoculated plants. Also, 
AMF enriched fertilizer containing a mix of species improved 
sesquiterpenic acid concentration to a similar level. In phosphorus fertilized 
non-mycorrhizal plants no such enrichment was identified (Nell et al., 
2008). 
Zingiber officinale inoculated with isolates of arbuscular 
mycorrhizal fungi Scutellospora heterogama, Gigaspora decipiens, 
Acaulospora koskei, Entrophospora colombiana, and a mix of all four 
isolates, was assessed for several parameters including secondary 
metabolites. It was observed that inoculation with S. herogama and G. 
decipiens resulted in larger yields of oleoresin, corresponding to 3.48% and 
1.58% of rhizome fresh biomass (Silva et al., 2008).  
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Possible causes for changes in secondary metabolites  
 
The most likely mechanism involved in increasing concentration of 
certain phytochemicals is the improved nutrition that arbuscular mycorrhizal 
fungi can provide to plants (Scagel, 2012; Zubek et al., 2012; Jugran et al., 
2015). It was also suggested that modification in synthesis of secondary 
metabolites might result from changes induced by AMF in the level of 
phytohormones in plant (Zubek et al., 2012; Jugran et al., 2015). Besides 
the mycorrhizal species involved, plant growth promoting rhizosphere 
bacteria may also play an important role (Dutta et Neog, 2016), especially 
since lately was proved that AMF structures such as the spores can be host 
for diverse soil microorganisms (Battini et al., 2016).  
It seems that the influence of AMF colonization on secondary 
metabolites content depends to a great extent of plant and fungi species as 
well (Engel et al., 2016) and in some cases, the accumulation of the 
secondary metabolites in organs of the plant might not be detectable (Engel 
et al., 2016). 
The utilization of mycorrhizal fungi (AMF) during cultivation of 
various medicinal or aromatic herbs might be one of the most promising 
possibilities for increasing quality in aromatic and medicinal plants, as many 
researches demonstrated so far for several plant species.  
 
Conclusions 
 
Numerous studies demonstrated beneficial effect that arbuscular 
mycorrhizae inoculation can have on essential oil content of plants making 
its use very attractive for growers.  
Some studies showed that mycorrhization does not uniformly affect 
polyphenol content in certain harvested plant parts of aromatic and 
medicinal species inoculated with same AMF species. Other studies 
demonstrated that different AMF species can exercise contrasting influence 
on the metabolism of the same plant. Some researchers suggest that there is 
also plant genotype-AMF specificity. 
Based on all studies consulted it can be concluded that identification 
followed by selection of AMF species with best results in improving quality 
characteristics of certain plant species and their harvestable plant parts, 
followed by testing in field conditions would lead to cost effective practices 
in AMF application for large scale production of aromatic and medicinal 
plants.  
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